B ony craniofacial defects arise from ablative surgical procedures for both benign and malignant tumors as well as complex trauma and osteonecrosis. Current reconstructive options include free tissue transfer, bone grafting, rigid fixation, and synthetic implants. The outcomes are typically good with free tissue transfer, but these are complex procedures that require prolonged hospital admissions and are associated with donor-site morbidities and perioperative complications. Rates of perioperative complications associated with free tissue transfer range from 30% to 40% and can be as high as 60% in older patients with multiple comorbidities. 1, 2 Development of an osteogenic biosynthetic implant for craniofacial reconstruction could augment and, in some instances, obviate the need for these more traditional reconstructive methods. A US Food and Drug Administration (FDA)-approved bone graft (Infuse Bone Graft; Medtronic) uses recombinant human bone morphogenetic protein 2 (rhBMP-2) to treat complex long bone fractures and is frequently used in spinal fusion procedures.
3 However, rhBMP-2 has limited indications for use in craniofacial reconstruction and is associated with substantial adverse effects when used off-label, necessitating the search for better alternatives to enhance craniofacial bone regeneration. 4 Osteoconduction, osteoinduction, and osteogenesis are all required for new bone formation to occur. 5 Historically, poly (lactic-co-glycolic acid) (PLGA) constructs were used as osteoconductive scaffolds because of their strength and absorptive characteristics. However, concerns over inflammation induced by PLGA's acidic breakdown products as well as the absence of osseous integration have generated renewed research into scaffolds derived from natural polymers known to be more bioactive and biocompatible. [6] [7] [8] [9] [10] [11] Other research has developed and reported on a novel polysaccharide-based scaffold (PS) with superior strength compared with PLGA, an improved ability to support osteogenesis, and no foreign body reaction. 12 Historically, natural polymer scaffolds lacked the mechanical stability to support healing and osteogenesis in bone regeneration. However, nanoengineering allows for the creation of natural polymer-based scaffolds to have the necessary strength to support bone regeneration. Furthermore, unlike PLGA, which is a synthetic polymer, neither a foreign body reaction nor acidic breakdown products were seen after the implant of PSs.
12
Growth factors that augment both osteogenesis and angiogenesis are paramount to osteoinduction. The FDA approved rhBMP-2 for use in maxillary sinus floor and alveolar ridge augmentation. However, rhBMP-2 is delivered at supraphysiologic doses, which have been associated with adipogenic rather than osteogenic differentiation as well as edema, ectopic bone formation, and bone resorption.
13-15 Furthermore, when used for off-label purposes, rhBMP-2 has a high rate of graft failure and other complications that often necessitate a second surgical procedure. 8 We now know that bone morphogenetic protein (BMP) 6 and 9 are the most osteogenic BMPs, and studies have shown that vascular endothelial growth factor (VEGF) and BMP-6 work synergistically to produce additive effects on osteogenesis. [16] [17] [18] [19] However, when we delivered VEGF and BMP-6 to a criticalsized rat mandibular defect, substantial bone regeneration was not achieved and the new bone was poor quality. 20 Previous findings suggest that delivering exogenous stem cells in conjunction with growth factors would be the ideal strategy for bone regeneration.
19,21-23 Other groups have tried this strategy using bone marrow-derived mesenchymal stem cells and adipose-derived mesenchymal stem cells, but they achieved limited success. [24] [25] [26] More recently, a new stem cell population, Gli1+ craniofacial-specific mesenchymal stem cells, was discovered in craniofacial sutures; these cells give rise to all craniofacial bones and are indispensable for bone growth and repair. Furthermore, these cells continue to reside in the suture mesenchyme in adult mice throughout the craniofacial skeleton, contributing to bone turnover and repair. 27 Prior to this description of glioma-associated oncogene (Gli) protein 1 (Gli1) + craniofacial-specific mesenchymal stem cells, Chung et al 28 described a similar craniofacial-specific stem cell population (cranial neural crest mesenchymal stem cells) with greater osteogenic potential in the craniofacial skeleton, compared with bone marrow-derived mesenchymal stem cells. The existence of a specific craniofacial mesenchymal stem cell may explain why bone marrow-derived mesenchymal stem cells and adipose-derived mesenchymal stem cells have had limited success in craniofacial bone regeneration. The Gli1 is the transcriptional activator of Hedgehog (Hh) signaling, a signaling pathway critical to skeletal development, including the activation and osteogenic differentiation of Gli1+ craniofacial-specific mesenchymal stem cells. 29, 30 The Hh pathway relies on activation of the smoothened receptor, which is normally suppressed by the Patched receptor. 30 Activation of the smoothened receptor is associated with activation of the Gli2 or Gli3 complex, which subsequently is associated with Gli1 expression. Although its mechanism is not well understood, Hh signaling encourages pluripotent mesenchymal stem cells to differentiate into osteoblasts while suppressing adipogenesis. This osteoblastogenesis is enhanced further in the presence of BMP signaling. 30 Thus, smoothened
Key Points
Question Does activation of the hedgehog signaling pathway increase bone regeneration compared with delivering growth factors alone?
Findings In this study of 33 female Lewis rats, activation of the hedgehog signaling pathway through the delivery of smoothened agonist to a critical-sized rat mandibular defect was associated with increases in bone regeneration compared with delivering only growth factors. The most bone regeneration occurred when the defect was treated with bone morphogenetic protein 6, vascular endothelial growth factor, and smoothened agonist tethered to an osteogenic polysaccharide-based scaffold.
Meaning This finding suggests that targeting the hedgehog signaling pathway may offer a new reconstructive option for bony craniofacial defects as well as nonunion and delayed healing fractures.
agonist (SAG) functions as a downstream activator of the Hh signaling pathway, and delivery of exogenous SAG induces osteoblastic markers in mesenchymal stem cells ( Figure 1 ).
31,32
Lee et al 33 used SAG to induce bone regeneration in a calvarial defect in mice in a dose-dependent manner, but healing was not complete. Treating bony defects with SAG in combination with BMPs should result in increased bone regeneration because Hh-induced osteogenesis requires BMP signaling, and Hh signaling suppresses the proadipogenic effects of BMP treatment. 34, 35 We hypothesized that in a rat mandibular critical-sized defect, PS constructs cross-linked with SAG, VEGF, and BMP-6 would significantly increase bone regeneration compared with the FDA-approved rhBMP-2.
Methods
This study was conducted at the University of Virginia School of Medicine Cui Laboratory, Charlottesville, from March 1, 2017, to June 30, 2017. Thirty-three 10-week-old female Lewis rats were acquired for the study. All surgical procedures on animals were performed in accordance with the protocols of the University of Virginia Animal Care and Use Committee.
Preparation of PSs
The PSs used to deliver the growth factors were composed of interconnected cellulose acetate microspheres, as previously described in another study. 17 The pore diameter varied from 120 to 165 μm. The growth factors (VEGF: 2.5 μg; BMP-6: 2.5 μg; BMP-2: 11 μg) were tethered to the scaffolds using the EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide)-NHS (Nhydroxysuccinimide)-MES (4-morpholinoethanesulfonic acid) method, and 1 mg of SAG was adsorbed onto the PS. The BMP-6 and VEGF dose was chosen on the basis of the results of a previous study of the association between increasing BMP-2 dose and bone regeneration, the lack of regeneration seen in past work that used a lower dose of the growth factors, and the 1 to 1 BMP-6:VEGF ratio we have shown to generate cross-talk between the growth factors, enhancing osteogenesis. [19] [20] [21] 36 The higher dose of BMP-2 was used to imitate the supraphysiologic dose of BMP-2 delivered by the rhBMP-2 bone graft. We administered 1 mg of SAG as this dose is substantially greater than the EC 50 (half-maximal effective concentration) of the drug, and previous groups have used a similar dose to induce bone regeneration in vivo.
32,33,37
Creation of Mandibular Defects and Implant of Scaffolds
Bilateral mandibular defects were created in 33 ten-week-old female Lewis rats. General anesthesia was induced via intraperitoneal injection of ketamine hydrochloride and xylazine, according to a weight-based formula. The angle of mandible was identified and a 4-mm circular drill was used to create a circular noncontinuity defect in the angle of the mandible. The appropriate scaffold was then implanted and secured in the pterygomasseteric sling. Bilateral defects were made in all rats, and scaffolds were implanted according to the treatment groups, as described in Table 1 . The right and left hemimandible defects were identical; bilateral defects allowed us to test a greater number of treatment groups ( Figure 2 ). After surgery, 10 mL of normal saline was injected subcutaneously to prevent dehydration, and buprenorphine hydrochloride was administered according to a weight-based formula. The rats were given antibioticcontaining water (Baytril; Bayer) for 1 week after the surgical procedure and maintained on a soft diet. No rats had to be killed because of failure to thrive, and no postoperative infections occurred.
Microcomputed Tomographic Measurements for Evaluating New Bone Formation
At 8 weeks after the procedure, the rats were killed and the mandibles were explanted. Four mandibles from each of the 10 treatment groups underwent microcomputed tomographic (micro-CT) scanning and analysis (Scanco vivaCT 40 scanner; Scanco Medical AG). In the groups with more than 4 mandibles (control, PS, BMP-2 cross-linked to PS, and BMP-2 and SAG cross-linked to PS), baseline and 8-week x-ray imaging results were used to determine the 4 mandibles with the most bone regeneration, which were then selected for micro-CT imaging. The settings for the scanner were as follows: voxel size: 38 μm 3 ; x-ray tube potential: 55 kV; and integration time: 145 milliseconds. Bone volume analysis was used to quantify the amount and density of bone formed; thresholds for bone detection for defined volumes of interest were set at a range of 158 to 1000 H. These settings captured new bone formation only, differentiating it from residual scaffold that had not undergone degradation by the experimental end point. The micro-CT images were also blindly analyzed to determine the area of bone regeneration.
Mechanical Testing
The harvested mandibles were loaded to failure in 3-point bending to assess their mechanical strength. Five groups were tested, with 3 mandibles in each group: 10-week-old female Hedgehog signaling encourages pluripotent mesenchymal stem cells to differentiate into osteoblasts while suppressing adipogenesis. Gli1, Gli2, and Gli3 indicate glioma-associated oncogene protein 1, 2, and 3; MSC, mesenchymal stem cells; PTCH, patched receptor; SAG, smoothened agonist; and SMO, smoothened receptor.
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Lewis rat mandibles that had not undergone the procedure, untreated mandibles, PS mandibles, BMP-2 cross-linked to PS group, and BMP-2 and SAG cross-linked to PS group. These groups were selected because adequate numbers were available for both mechanical testing and micro-CT analysis. Further, these groups allowed the comparison of the PS alone, PS with FDA-approved BMP-2, and PS with BMP-2 and SAG to activate the Hh pathway. The mandibles were positioned lateral side down, and the central load was applied just posterior to the molars at 0.5 millimeter per second until gross failure occurred. The force-displacement values were recorded, and the force required to fracture was calculated.
Statistical Analysis
Statistical analysis was performed using SPSS statistics, version 24 (IBM). Analysis of variance testing was used to compare the treatment groups, and post hoc analysis using Tukey test was performed to minimize type I error and account for the unequal sample sizes. Significance was asserted at α = .05. One-way analysis of variance was used to calculate P values, and significance was asserted at P < .05. The analysis of variance model worked well for all comparisons studied (mean percent defect bone regeneration, F 9,27 = 7.68, P < .001; mean bone volume, F 9,27 = 7.26, P < .001; mean bone surface, F 9,27 = 10.60, P < .001; mean ratio of bone volume to total volume, F 9,27 = 9.00, P < .001; mean connective density, F 9,27 = 10.82, P < .001). All groups were compared with one another using post hoc analysis. All comparisons were reported against the control group and nude scaffold group to assess how growth factors and SAG affect endogenous bone regeneration and regeneration induced by the osteogenic scaffold alone. 
Results
Analysis of the quantity and quality of regenerated bone seen on micro-CT imaging was performed (Figure 3) . No statistically significant bone regeneration in the control group was observed. No statistically significant differences in mean defect bone regeneration were seen in groups treated with PS, although all of these groups had statistically significantly more bone regeneration than did the control group. The addition of SAG to the treatment groups is associated with statistically significant increases in bone regeneration, and the most regeneration was seen in the BMP-6, VEGF, and SAG cross-linked to PS group. For each of the 5 no scaffold group vs BMP-6, VEGF, and SAG cross-linked to PS group comparisons, mean defect bone regeneration was When the no procedure mandibles, untreated mandibles, PS mandibles, BMP-2 cross-linked to PS group, and BMP-2 and SAG cross-linked to PS group underwent the 3-point bending assay test, no statistically significant difference was observed in force to fracture between the treatment groups and the no procedure mandibles. However, the group in which a defect was created but not treated fractured with less force: The mean (SD) peak load for the no procedure mandibles was 86.30 (9.00); untreated mandibles, 77.60 (20.10; P = .40); PS mandibles, 106.50 (14.60; P = .10); BMP-2 and SAG crosslinked to PS group, 88.70 (9.60; P = .80); and BMP-2 and SAG cross-linked to PS group, 97.60 (4.70; P = .30).
Discussion
Developing an osteogenic biosynthetic implant for craniofacial reconstruction could alter the standards of care in trauma management, osteonecrosis treatment, and repair of oncologic surgical defects. Such an implant could decrease peri- 
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Assessment of Hedgehog Signaling Pathway for Bone Regeneration in a Rat Mandibular Defect operative morbidities associated with current reconstructive methods and could provide a reconstructive option for patients unable to undergo free tissue transfer.
Other research has attempted to use growth factors in isolation and in combination with stem cells to achieve craniofacial bone regeneration with limited success. To our knowledge, the in vivo bone regeneration potential of recently discovered craniofacial stem cells has not been studied, but the invasiveness of such harvest and regulatory issues will likely preclude these interventions from being used in clinical therapies for quite some time. However, as these stem cells differentiate into osteoblastic lineages via Hh signaling and as SAG is a downstream activator of the Hh pathway, treatment with this small-molecule therapy may enhance endogenous stem cell differentiation and craniofacial osteogenesis.
Hence, we hypothesized that delivering SAG to a criticalsized rat mandibular defect in combination with BMP-6 and VEGF on a PS would lead to more bone regeneration than would delivery of the FDA-approved rhBMP-2 alone. Our results demonstrate the advantages in total bone regeneration and bone density seen by treating critical-sized defects with SAG in addition to growth factors. The most bone regeneration was seen in the BMP-6 and SAG cross-linked to the PS group and the BMP-6, VEGF, and SAG cross-linked to PS group ( Figure 1,  Figure 2 , and Figure 3 ; Table 2 ). This reflects the synergistic relationship seen between BMPs and Hh signaling-induced osteogenesis seen in vitro. 33, 38, 39 When comparing the BMP-6, VEGF, and SAG cross-linked to the PS group with the BMP-2 cross-linked to the PS group (the group most reflective of the rhBMP-2 bone graft), the defects treated with BMP-6, VEGF, and SAG cross-linked to PS had significantly greater bone regeneration and density of regenerated bone (Table 2) . With regard to mechanical testing, no significant difference in force to fracture of the treatment groups was observed, compared with the hemimandibles in which a surgical procedure was not performed. However, the hemimandibles where a defect was made but no scaffold was placed broke with the least force, and the mandibles in which a nude scaffold was placed required the greatest force to fracture. All groups in which a scaffold was placed required more force to fracture compared with the hemimandibles in which no defect was created. These results likely illustrate the mechanical strength of the PS used to deliver the growth factors; the PS has been shown to be superior to PLGA and equal to trabecular bone.
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Because of the intrinsic strength of the PS, however, drawing conclusions is difficult regarding the association of Hh activation with growth factor delivery using our mechanical testing model; we believe the micro-CT data are of more clinical relevance.
Note that, although significant bone regeneration was seen on micro-CT in the SAG treatment groups, no treatment group demonstrated complete ossification of the critical-sized mandibular defect. This result may be associated with the suboptimal dose, inadequate treatment duration, or limitations of Hh signaling-induced bone formation. The treatment duration of 8 weeks was chosen because previous groups used this duration in their study of SAG to induce craniofacial bone regeneration.
32,33 However, the critical-sized defects used in our study were not segmental; thus, the mechanotransductive bone healing processes that occur in fracture healing and segmental bone loss are likely not as robust in our model.
40,41
Of importance is that in vitro data demonstrate that BMP-2 expression and exposure of oral cavity squamous cell carcinoma antigen tissues to rhBMP-2 may increase tumor invasiveness.
38,39 In one study, 17 patients, in whom rhBMP-2 was used with vascularized bony free tissue transfer to treat osteoradionecrosis of the mandible, demonstrated no recurrences. 42 Given the mixed evidence on whether rhBMP-2 is associated with worse oncologic outcomes, it is appropriately contraindicated for use in patients with active malignant neoplasm. Because one of the most common causes of craniofacial bony defects is ablative oncologic surgical procedure, the implications of activation of Hh signaling for oncologic outcomes will require careful study. Smoothened is a human proto-oncogene with activating mutations found in cutaneous basal cell carcinoma and medulloblastoma. 43 Current research into how Hh signaling affects oral cavity squamous cell carcinoma antigen is limited. One paper demonstrated that Broders grade and N stage were associated with lower Gli1 expression when oral cavity and oropharyngeal squamous cell carcinoma antigen tissues were exposed to sonic Hh protein and examined in vitro. 44 Future research is needed to clarify the association between hedgehog signaling and oral cavity squamous cell carcinoma before any Hh-activating bone graft can be used to reconstruct patients with active cancer.
Limitations
The circular, nonsegmental defect used in our rat model is a limitation of this study in that the defect is not physiologic. Activation of the Hh signaling pathway was associated with significant bone regeneration in this model, but further testing in a segmental defect model as well as in nonunion and delayed healing fracture models will provide greater insight into the potential clinical utility of the PS, our biosynthetic bone graft. The 3-point bending test was successful in testing the strength of the rat hemimandibles, but the intrinsic strength of the PS (stronger than the native rat mandibular bone) makes drawing conclusions difficult regarding how BMP-2 and SAG affect the strength of regenerated bone. However, our results do show that SAG is associated with significantly denser bone than bone regenerated by growth factors alone without SAG. In addition, we do not believe that implanting scaffolds with different growth factors in the contralateral hemimandibles had systemic implications, but there was no way to control for this variable. Future work could perform unilateral implants to control for this possibility. Last, the mechanisms of Hh-signaling bone induction and growth factor bone induction have been well elucidated in vitro, but their interaction with the novel PS we developed has not been studied to our knowledge. Future studies into the in vitro interaction between SAG and growth factors on our PSs are needed, and such research will also investigate the potential of BMP-6 and SAG cross-linked to PS and BMP-6, VEGF, and SAG cross-linked to PS to create bony union in a criticalsized, segmental mandibular defect model.
Conclusions
Activation of the Hh signaling pathway using SAG appears to increase craniofacial bone regeneration compared with growth factors alone, including the FDA-approved rhBMP-2. Pharmaceuticals that target this pathway may offer a new reconstructive option for bony craniofacial defects as well as nonunion and delayed-healing fractures. The PS reported in this study, cross-linked with BMP-6 and SAG with or without VEGF, may prove to be a suitable bone graft substitute that may be used to reconstruct larger defects than what can currently be reconstructed with current FDA-approved rhBMP-2.
